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Abstract

Classical molecular dynamics simulations are used to study the damage produced during the

implantation of semiconductors with different ion masses and energies between 1-25 keV. The

time scale for these type of simulations is only on the order of ns, and therefore problems like

transient enhanced diffusion of dopants or formation of extended defects can not be studied with

these models. Monte Carlo simulations, including as input the results obtained from molecular

dynamics calculations, are used to extend the simulation time, and in particular, to study

processes like ion implantation and defects diffusion in semiconductors. As an example we show

results for diffusion of the damage produced by implantation of silicon with 5 keV Xe ions at

low doses. The results of the simulations are compared with experiments in order to validate the

model.

Introduction

...
Predictive models for IC technologies require of a good understanding of the processes involved

during ion implantation and thermal annealing of semiconductors [1]. The damage produced

during ion implantation can play an important role on the diffusion of dopants during high

temperature treatments. In particular, one of the key problems in the development of ultra-

shallow junctions is transient enhanced diffusion [2,3,4] of dopants during the activation stage.

The defects produced during implantation interact with the dopants and induce their migration

over long distances, changing the initial implantation profile. The industry trend towards a

decreasing size of semiconductor devices requires predictive models. Consequently, there is a

strong need for a physically based description of the damage level in the crystal lattice after

implantation, as well as understanding the role of this damage in the subsequent diffusion of the

dopants.

We can summarize the basic mechanisms in ion beam processes as damage production by

individual ions, defect diffusion and damage accumulation. Despite the important effort devoted

over the last few years to elucidate some of these problems, many unknowns still remain. One of

the reasons for this lack of understanding is the many parameters involved in these processes,

like ion mass, energy, dose, dose rate, temperature of the lattice and impurity levels or traps.

Regarding damage accumulation, it is known experimentally that at sufficiently high doses ion

implantation can induce amorphization of the sample [5]. The critical dose to reach
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Molecular dynamics simulation: source for diffusion modeling

The first stage of the damage produced by ion implantation is obtained using classical molecular

dynamics calculations. In our case we use the Stillinger Weber potential [15] to describe the

interaction between the Si-Si atoms in the lattice. For the short range interaction we modified this

potential by connecting the two body term to the Universal potential [16], as described by

Gartner et al [17]. The interaction between the energetic ions and the silicon atoms is described

also by the Universal potential. In order to account for inelastic energy losses, we use the

Lindhard model [18] for those atoms with energies higher than 1 eV. The cells used in these

simulations contain on the order of 106 atoms. The boundary layers of the cell are connected to a

thermostat in order to dissipate the energy deposited by the ion. The simulations were performed
in a CRAY T3D MPP parallel computer at LLNL. The code employs PVM message passing

routiens [19] for the communication between processors.
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Figure 1. Molecular dynamics simualtion of ion implantation in Si for (a) 3 keV B irradiation
and (b) 15 keV As irmdiwion. Configuration of atoms with potential energy > 0.2eV with respect
to the bound state, 10ps after the ini;il collision.
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amorphization depends on the ion mass, the temperature of the substrate and the ion flux [6,7,8].

Several models have been proposed to explain the amorphization mechanism, but none can give

a complete description of all the experimental data available. One of the main difficulties is the

dose rate dependence of amorphization, that is not taken into account in most of these models.

On the other hand, the diffusion kinetics of defects in silicon is also a controversial issue. For

example, values for the migration energies of Vacancies (V) and Interstitial (I),. as well as

binding energies of clusters are not known experimentally, and discrepancies for interstitial

diffusivity in Si as large as 9 order of magnitude at 700°C exist in the literature [9,10]. Recent

molecular dynamics [1 1] and tight binding [12] simulations indicate lower migration energies for

vacancies than for interstitial. The molecular dynamics simulations [ 11] also indicate lower

binding energies for vacancy clusters with respect to interstitial. This poor understanding of the

processes involved during semiconductor doping represent a major drawback in the development

of predictive models. For a complete description of all these processes it is necessary to continue

with the simulation efforts as well as develop new models in order to compare directly with the

experimental results.

Molecular dynamics simulations have the advantage of giving a clear description about the

microstructural processes occurring in the system under phenomenon like ion bombardment,

since they describe the motion of all the atoms in the crystal [13]. However, they also involve

large computational times. Eve,n with the capabilities of parallel machines, only time scales on

the order of nanoseconds can be achieved for the simulation of ion implantation. Processes like

diffusion of defects under high temperature anneal, as in semiconductor doping, or

amorphization processes, that depend on the ion flux can not be modeled using exclusively

molecular dynamics. Recent simulations by M. Jaraiz [14] have shown that a good approach for

the simulation of ion implantation and annealing at energies on the order of tens of keV, consists

on the coupling between binary collision approximation models, like MARLOWE, and Monte

Carlo simulations. Following that approach, we use Monte Carlo simulations to study the

annealing of defects at high temperatures, and extend the simulation time and scale. In our case

the damage produced by the implantation, as well as the binding energies of the clusters of

defects and the migration energies are obtained from molecular dynamics. This coupling

between molecular dynamics and Monte Carlo allows us to simulate times on the order of

seconds or longer, and therefore, validate our simulations by direct comparison with

experiments.

In the next section we explain the molecular dynamics calculations performed in this work and

how we use this data as input for the N!onte Carlo simulation. The following section is a brief

description of the Monte Carlo model, as well as the parameters used in these calculations. We

finish with an example on how this tool can be applied to a real problem and compare with

experimental results.



In figure 1 we show the damage produced by a 3 keV B ion, figure l(a), as compared to a 15

keV As implantation, figure 1(b), 10ps after the implantation. These cases represent typical

energies used in the production of shallow junctions, and correspond to the same range of the
ions, approximately 130 ~. In this figure we show only those atoms that have a potential energy

higher than 0.2 eV with respect to the ground state in the perfect c~stal. The grays represent the

atomic level ‘stress of the atoms, with dark grays being atoms under tension (and therefore,

related to atoms surrounding a vacancy) and light grays representing those atoms under

compression (mainly interstitial s). It is clear from this picture that the morphology of the damage

produced by these two ions is very different. While light ions only produce small clusters of

defects, or isolated defects, heavier ions, like As, will produce large disordered zones. These

zones have been reported earlier [20,2 1] and have been proved to be amorphous in structure.

This is also in agreement with experimental results for heavy ion implantation at low doses [22].

We can conclude from this first simulation that the damage induced during the doping of a

semiconductor is going to depend on the type of dopant used, rind in the same device we can

have from small clusters of defects to localized amorphous pockets. All these effects have to be

taken into account if we want to model a 1ater evolution of the defects during a high temperature

annealing.
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Figure 2. Annealing of the damage produced by 15
keV As implantation in Si. Number of non-crystalline
atoms as a function of annealing time, for different
temperatures.

The stability at different temperatures of

the amorphous pockets produced by

heavy ion bombardment is an important

factor to understand damage

accumulation during implantation. We
have simulated the damage induced by

the bombardment with As and Pt at

ener~ies between 5 and 25 keV and

studied the annealing kinetics of the

amorphous pockets produced by these

ions at different temperatures, In figure

2 we present the results for the number

of amorphous atoms as a function of the

annealing time and different

temperatures for the case of the damage

produced by the bombardment with a 15

keV As ion. Observe that these curves

do not follow an exponential behavior,

instead there is an initial stage when

recrystallization occurs in a very short

annealing time. Later the

recrystallization occurs by a series of

plateaus and steps. This b-ehavior is in

agreement with the recrystallization models proposed by Spaepen and Tumbull [23], and

modified by Aziz [24] and Williams [25] for a planar amorphous-crystalline inteti’ace. According



to these models recrystallization occurs by the production and migration of dangling bonds at the

interface. In our case, the irregular shape of the amorphous pockets provides the nucleation sites

for rec~stallization, as pointed out by Priolo [26], and recrystallization can occur at temperatures

lower than in a planar interface
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Figure 3. Defects
800K. Only point
are present.

at the Si lattice after 0.5 ns anneal at
defects and small clusters of defects

Considering the results from figure 2, at

high temperatures the damage anneals in

a very short time; after the first few

picosecond only point defects and

small clusters of defects are left in the

lattice. In figure 3 we show the defects

present in the crystal after 0.5 ns anneal

of the damage at 800K. From these
results we can conclude that at high

temperatures, like the ones used for the

activation of the dopants in a

semiconductor, only point defects and

small c1usters of defects are going to be

present, and no local amorphization is
left. Therefore, treatment of the

diffusion of the defects at high

temperatures and long times. can be done

using simple Monte Carlo simulations

Modeling of defect diffusion: Monte Cnrlo simulations

Two types of defects are considered in the simulation, vacancies and interstitial. The initial

positions of these defects are obtained from the molecular dynamics simulations as explained

above. The values for binding energies of clusters of different sizes and migration energies are

also obtained from molecular dynamics using the Stillinger Weber potential. These values are

shown in Table 1. The pre-factor for the self-interstitials has been obtained from fitting kinetic

Monte Carlo results to the diffusion of boron in silicori [27] and using ab inilio results for the

energetic of the boron-silicon interaction [28]. Clusters larger than 5 have binding energies

fitted to a function of the form: Ebv(N) = 3.6- 4.9(n2’3 -(n- 1)2’3)eV and Eb1(n)=2.5-2. 17(n’2-(n-

1)1’2)eV, for V and I of size H respectively, See reference [14] for a description of the program.

As an example of the capabilities of this simulation tool we consider the annealing at different

temperatures of the damage produced by bombardment with 5 keV Xe ions at a dose of 1.51013
ions/cm2. The final dose is obtained by accumulating the damage induced by individual ions at

room temperature. In this case we consider that there is no relaxation of the damage between

cascades, approach based on the calculations explained above. The final kinetic-Monte Carlo

simulation includes a total of 152 ion trajectories in a box of O.32 mmxO.32nlmx5mm.



Table I. Parameters used for the Monte Carlo simulation. Values for diffusivities and binding
energies from classical molecular dynamics calculations [11 ]. The pre-factor for interstitial is
obtained from fitting to boron diffusion experiments [27] and ab initio calculations [28].

DIFFUSIVITY (cmZ/s) BINDING BINDING BINDING BINDING
ENERGY ENERGY ENERGY ENERGY

SIZE 2 (eV) SIZE 3 (eV) SIZE 4 (eV) SIZE 5 (eVl

VACANCY 0.00 IEXP(-O.43KT) 0.62 0.78 1.2 1.82
INTERSTITIAL 5.EXP(-O.9KT) 1.6 2.25 1.29 2.29

Time(s)

Figure 4. Kinetic Monte Carlo results for the annealing
of the damage produced by 5 keV Xe implantation at
1.5x10*3 ions/cm2. Number of V and I in clusters and
free (left hand side of the plot), as well as the number of
defects at the surface (right hand side) as a function of
the annealing time. Temperature of annealing is 350°C.

First we study the evolution of the

damage at low temperature, 350°C,

during a total annealing time of 4

hours. In figure 4 we show the number

of free and clustered vacancies and

interstitials in the bulk, as well as the
number of vacancies and interstitial

reaching the surface as a function of

annealing time. During the initial

stages of the anneal, when free defects

are still present in the lattice, the

diffusion is governed by the individual

migration energies of vacancies and

interstitial. With the parameters

considered in this simulation the

diffusivities for V and I at this

temperature are very similar.

Therefore these defects migrate and

annihilate, recombine with the surface

or form clusters of defects. Afler 10-7 s

only clusters of defects remain in the

bulk. Then diffusion is governed by

the binding energies of the different -

clusters. In our case, the binding

energies of vacancy clusters are

always smaller than those of the interstitial. Therefore, the small vacancy clusters start releasing

defects, and some of those will reach the surface, As a consequence the total number of

vacancies reaching the surface after 4 hours of anneal is higher than the number of interstitial.
Also the vacancy clusters increase in size, with an average cluster size of 6 for vacancies while

the interstitial average cluster size is less than 3. The sputtering yield obtained from the
molecular dynamics simulations is of 2.25 atoms/ion consistent with experimental results [29].

After the 4 hours anneal at350°C the excess number of vacancies at the surface is -6 V/ion, and

therefore, much higher than the sputtering yield.
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In figure 5 we show the results of a later annealing of the damage at higher temperature, 550°C.

In this case both vacancy and interstitial clusters dissociate, All the vacancies present in the bulk

quickly disappear either on the surface or recombined with interstitial. Some of the interstitial

also reach the surface, decreasing the excess number of vacancies per ion at the surface.

These results agree with experimental observations on Si (1 11)-7x7 [30]. In these experiments a

depopulation of the adatom layer is observed under annealing at 350”C, that could be explained

as an arrival of vacancies to the surface from the bulk. The density of vacancies in the

experiment is 1.2x1014 V/cm2, in reasonable agreement with the 0,8X1014 V/cm2 from our

simulation. Annealing at 550°C induces repopulation of the surface layer, that considering our
model, is due to the arrival of interstitial that evaporate from clusters in the bulk. In the

experiment the density of interstitial at the surface after 2 minutes anneal is of- 7x1013 I/cm2 as

compared to - 3x1013 I/cm2 obtained in the simulation.
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Figure 5. Number of defects per ion recombined at
the surface as a function of the annealing time. The
annealing temperature is 550”C.

Conclusions

In summary, a combination of molecular

dynamics and kinetic Monte Carlo

simulations has been used to study ion
implantation and difision in silicon. The

time scale achieved with this type of

simulations allows for direct comparison

with experiments. In our case we apply

the model to study the diffision of defects

produced during the irradiation of Si with

5 keV Xe ions, and the later diffusion at

different temperatures. It is observed that,

depending on the temperature, different

defects reach the surface. At low
temperatures an excess number of

vacancies arrive to the surface. At higher

temperatures, interstitial clusters dissolve

decreasing the excess of vacancies at the

surface. These results can explain the

experimental observation of depopulation and repopulation of the Si (111)-7x7 surface at

different annealing temperatures [30].
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